The fracture toughness of 6061Al alloy metal matrix composite reinforced with 15 vol% fine SiC particles of 600 nm in size under a high temperature over-aged condition was studied. And the toughness of the 6061Al matrix alloy and the same matrix alloy reinforced with coarse SiC particles of 9.5 µm were also measured for comparison. Fracture toughness tests were conducted on a servo-hydraulic testing machine by using three point bending specimens. The results showed that the toughness of the fine particle reinforced composite was obviously higher than that of the coarse particle reinforced composite in terms of crack initiation toughness, crack propagation energy and total absorbed energy. The mechanisms controlling the fracture toughness of the two composites reinforced with fine and coarse SiC particles were discussed based upon the measured toughness data and microstructure examinations by means of an optical microscope and a scanning electron microscope.
Introduction
The mechanical behavior of particle-reinforced aluminum metal matrix composites has been extensively studied since they have enhanced strength and stiffness over their monolithic alloys at room and elevated temperatures, and are relatively isotropic and easier to fabricate compared to continuous fiber-reinforced metal matrix composites. However, it has been demonstrated that addition of particles can drastically degrade the ductility and fracture toughness of the composite materials. The characters of particles play an important role in controlling the toughness of the composites, and the degradation of toughness is considered to be due to cracking of particles, nonuniformity of particles and changes in matrix flow behavior. [1] [2] [3] It was commonly observed that an increase in volume fraction of SiC p would decrease fracture toughness of the composite, which is consistent with some published findings 4) and our previous reports. 5, 6) On the other hand, an increase in SiC particle size would increase the fracture toughness, which has been confirmed by Kamat's research 7) and Davidson's result. 2) In their work, the studied SiC particle size was larger than 2 µm. However, how particles of even finer size (smaller than 1 µm) affect the fracture toughness of the composite has not been clarified experimentally. In addition, previous researches were focused on the properties of the composites in under aged (UA), T6 or normal temperature over aged (OA) conditions. 2, 4) Nevertheless, a high temperature OA state is inevitably encountered in practical applications, which has not been investigated yet. This paper presents the results of a comparative study of the fracture toughness of fine or coarse SiC particle reinforced 6061Al (Al-0.75Mg-0.68Si-0.29Cu-0.20Fe-0.14Zn) alloy matrix composites of same particle volume fraction in a high temperature OA condition. * Present address: Institute of Industrial Science, The University of Tokyo.
Experimental
The 6061Al alloy metal matrix composite reinforced with 15 vol% fine SiC particles of 600 nm in size were fabricated by a method of vortex melting followed by squeeze casting. 8) First, molten 6061Al alloy at 750
• C was stirred with preheated SiC particles at a stirring speed of 500-800 rpm in a crucible for 10.8 ks. Then, the as-cast composite ingot with size of φ65 × 130 mm was further formed at 850
• C in an air atmosphere under a pressure of 100 MPa using a squeezing machine in order to remove the defects. The 6061Al matrix alloy and the same matrix alloy reinforced with coarse SiC particles of 9.5 µm, made by the same routine as the fine particle reinforced composite, were adopted as a comparison. All the composite materials were solution heat treated at 520
• C for 7.2 ks, quenched by water, peak-aged at 190
• C for 25.2 ks, and then overaged at 300
• C for 86.4 ks. The 6061Al matrix alloy was heat treated in the same way as composites except peak-aged at 190
• C for 3.6 ks. Three point bending specimens of 10 mm × 10 mm × 55 mm in size, were used for the fracture toughness tests. All specimens were first mechanically cut and then pre-fatigued to a crack length of around 5 mm (cut length plus fatigued length) using step-by-step decreasing load method according to ASTM standard.
9) The experiments were conducted at room temperature on a servohydraulic testing machine. Load-deflection curves of different materials were recorded and the apparent crack initiation toughness J IC-a , was evaluated according to Rice's equation:
where E M is the energy consumed until the maximum load, B the specimen thickness, W the specimen width, and a 0 the initial crack length. The exact value a 0 was measured using a low magnification microscope after fracturing the specimen according to ASTM standard. 9) Their crack propagation energies E P and the total absorbed energies E T normalized by B(W − a 0 )/2 were also compared. The topography of frac-tured specimens and the microstructure beneath fracture surfaces were examined in detail using a scanning electron microscope (SEM) and an optical microscope (OM) respectively to characterize the fracture mechanisms of the studied composites.
Results
Three tests were performed and corresponding three loaddeflection curves were recorded for each material. A typical load-deflection curve of the studied fine composite is plotted in Fig. 1 , and compared with those of the contrast materials. The results of the fracture toughness determined from load-deflection curves are given in Table 1 and illustrated in Fig. 2 with error bars. It can be clearly noted that the apparent crack initiation toughness, crack propagation energy and total absorbed energy of both fine and coarse composites are all much lower than those of 6061Al alloy. Comparison between the two composites indicates that the fine particle reinforced composite shows obviously higher values than the composite reinforced with coarse particles, with an increase of about 30% in terms of all the three fracture toughness parameters.
The typical SEM fractographs of the crack initiation zones ahead of the pre-fatigued crack tips are respectively shown in Fig. 3 for the fine particle reinforced composite, and in Fig. 4 for the coarse particle reinforced composite. Both fractograghs are characterized by dimple morphology, indicating ductile fracture. However there are differences between the two kinds of micrographs. For the coarse SiC reinforced composite, there are two groups of dimples as described in 6): a group of large dimples and a group of small dimples. The Values are averages of three measurements. E P and E T are normalized by
group of large dimples are around 10 µm in size, probably related with SiC particles since average SiC particle size is about 9.5 µm. This is further confirmed by some particles contained in dimples as indicated by arrows in Fig. 3 material as indicated in 6). Whereas for the fine SiC particle reinforced composite, also a lot of large dimples exist, however, nearly all the large dimples are composed of small dimples in the bottoms, making the bottoms of the larger dimples deeper and coarser. The representative microstructures adjacent to fracture surfaces are shown in Figs. 5 and 6 for the two composites. For the coarse particle reinforced composite, many SiC particles can be seen exposed on the fracture surface (Fig. 5) . We can assume that the fracture of coarse particle reinforced composite is due to the crack initiation and growth in the matrix around SiC particles. This is verified in Fig. 7 . Figure 7 is a micrograph from an in-situ SEM observation in our previous research 6) on the same material as the composite reinforced with coarse particles in the present study. This photograph clearly demonstrates that voids initiated in the matrix subjected to severe plastic deformation around particles ahead of crack tip under three point bending. These voids grew along particles, coalesced with nearby voids and connected with the main crack. Nevertheless, it is indicated in Fig. 6 that the fine SiC particles distributed nonuniformly with cluster colonies here and there. The crack path along the fracture surface ( Fig. 6 ) demonstrates that the boundaries between the particle clusters and surrounding matrix might play an important role in cracking. This is consistent with the dimple morphology shown in Fig. 4 , where the small dimples contained in large dimples might result from the individual fine particles around a cluster.
Discussion
A model proposed by Rice and Johnson, 10) and later modified by Hahn and Rosenfield 11) concerns the effect of particle size and volume fraction on fracture toughness. According to ductile rupture mechanism, Hahn and Rosenfield assumed that if a material contains a crack and is loaded the crack will propagate when the extent of the heavily deformed region ahead of the crack tip grows large enough and comparable to the unbroken ligament size separating the particles responsible for void initiation. They further assumed that all of the particles in the vicinity of crack tip are responsible for void nucleation by particle rupture, decohesion or severe plastic deformation in the matrix at reinforcement ends. And then, an equation was derived by Hahn and Rosenfield 11) as follows:
where K IC is the fracture toughness, σ y the yield strength, λ the average spacing of all particles, and E the elastic modulus. λ can be calculated by λ = (2π/3F v ) 1/2 D/2, where D is particle size, and F v is volume fraction of the reinforcing particles. According to the relationship:
2 )/E, where J IC is J integral and v is Poisson's ratio, Hahn and Rosenfeld's model can be rewritten to:
It is apparent that if Hahn and Rosenfield's assumption is satisfied (i.e., J IC /2σ y (1 − v 2 ) = λ holds, as drawn in Fig. 8 ), coarse particle reinforced composites will show higher fracture toughness. This is not in agreement with present experimental results, where the fine particle composite shows higher fracture toughness. For the fine and coarse particle composites in the present investigation, λ values are calculated to be 1.2 µm and 17.7 µm, respectively. Input the mea- Fig. 8 as a function of λ. Our previous result for 25% 9.5 µm SiC P /6061Al 6) and Davidson's data 2) are also included in Fig. 8 for comparison. Clearly, the experimental data for both 9.5 µm SiC P (15% and 25%)/6061Al and 6.6 µm SiC P (15%)/2024Al lie on or close to the line drawn using eq. (3), hence satisfying the Hahn and Rosenfield's assumption. This suggests that all the SiC particles within the large plastic deformation zone in front of the crack tip are possible positions for void initiation. This is reasonable since the particles in the above composites are large in size so that particles are easy to crack, or debond from surrounding matrix, or initiate voids in the matrix around these particles ahead of the loaded crack tip. As demonstrated in Fig. 7 , the matrix around particles ahead of the crack tip was subjected to severe plastic deformation, and voids indeed initiated in the matrix. Figure 7 also indicates that nearly all the particles engulfed by the plastic deformation zone ahead of pre-fatigued crack tip contribute to voiding, thus satisfying Hahn and Rosenfield's assumption.
However, the experimental data for the fine particle reinforced composite deviates largely from the line J IC /2σ y (1 − v 2 ) = λ, not satisfying Hahn and Rosenfield's model. According to eq. (3), for this fine particle composite with a toughness value of 11.27 kJ/m 2 (Table 1) , the spacing between the possible sites for void initiation at the crack tip should be around 25 µm. This value is far larger than the average spacing of all the particles in the composite, 1.2 µm (calculated above). Therefore, only a small part of the fine particles within the heavily deformed region ahead of the prefatigued crack tip are assumed to contribute to void initiation. It has already been known 12, 13) that the smaller the size of the particles, the larger the stress for cracking or debonding of these particles. Broek 14) found that particles of 100 nm in size hardly cracked or debonded during deformation. He observed that fine particles formed dimpled voids only during formation of deformation band or during coalescence of voids after strain localization, which was not quite harmful to the material's fracture toughness. Similarly, the individual particles of small size in the present composite may not deteriorate fracture toughness much. Therefore, the fact that only a small part of the fine particles in the present composite are responsible for the void initiation ahead of crack tip is consistent with the above published findings. [12] [13] [14] It follows that Hahn and Rosenfield's assumption cannot explain the higher fracture toughness of the fine particle reinforced composite compared with larger particle reinforced one.
It is well known that a material's toughness is decided by the energy consumption for fracturing the material. A metal or an alloy usually shows higher toughness because of more plastic deformation energy consumed at the crack tips before cracking. For a composite, however, addition of reinforcements decreases the toughness of its matrix. This decrease is a result of competition between the decreased energy consumption for plastic deformation and increased energy consumption for fracturing the reinforcements, debonding or separation between the reinforcements and surrounding matrix. Thus, the extent of decrease in toughness is largely dependent upon (1) the volume fraction and properties of the reinforcement, including its type, size and orientation; and (2) the material's processing routine, which affects the distribution of the reinforcements, and severity of segregation or clusters. It is reported that an increase in volume fraction of SiC p would decrease fracture toughness, [4] [5] [6] and an increase in SiC particle size would increase the fracture toughness.
2, 7) This is explained as follows. The more extensive unreinforced matrix regions surrounding the larger size reinforcements or reinforcements with less volume fraction will enhance the fracture toughness by producing more matrix plastic deformation. On the other hand, for a composite reinforced with much smaller reinforcements, these smaller particles behave as precipitates do. Energy consumption for voiding, debonding or separation between the reinforcements and surrounding matrix becomes larger, while plastic deformation energy is supposed to comparable with large particle reinforced composite. This may account for the higher fracture toughness of the fine particle reinforced composite measured in the present investigation. Further study is needed to investigate the effect of fine particles on fracture behavior of composite materials.
Conclusions
Based upon the above evaluation of the fracture toughness of the 6061Al metal matrix composite reinforced with 15 vol% fine SiC particles of 600 nm and comparison with that of coarse SiC particle reinforced composite, we conclude as follows:
(1) The fine particle reinforced composite shows higher crack initiation toughness, crack propagation energy and total absorbed energy compared with the coarse particle reinforced composite.
(2) The crack initiation and fracture of the coarse particle reinforced composite were mainly associated with voiding in the matrix around individual particles ahead of main crack tip, whereas the boundaries between the particle clusters and surrounding matrix may be responsible for the failure of the fine particle reinforced composite.
